Background: Fimasartan is a novel angiotensin II receptor blocker. Fimasartan is mainly eliminated via biliary excretion, and its urinary elimination is less than 3%. Objective: Based on guidance from the United States Food and Drug Administration, a reduced pharmacokinetic (PK) study was conducted to evaluate the effect of renal function on the PK of fimasartan in patients with renal impairment and healthy volunteers. Methods: A single centre, single-dose, open-label, healthy volunteer controlled trial was conducted in patients with renal impairment (RI) (estimated glomerular filtration rate lower than 30 mL/min/1.73 m 2 ) and age-, weight-and sex-matched healthy volunteers (estimated glomerular filtration rate higher than 90 mL/min/1.73 m 2 ). All participants received a single oral dose of fimasartan 120 mg, after which serial blood sampling for PK evaluation was conducted. Noncompartmental PK analysis of fimasartan was performed. A mixed-effects model approach was used to identify significant covariates and PK parameters. Results: Sixteen subjects were enrolled (8 healthy volunteers and 8 RI patients). The maximum plasma concentrations and areas under the plasma concentration curves of the RI patients were higher than those of the healthy volunteers, with geometric mean ratios of 1.87 and 1.73, respectively. The relative bioavailability of fimasartan from the population PK analysis was 77% higher in the RI patients than in the healthy volunteers.
Introduction
Hypertension is an important worldwide public health challenge. Hypertension affects approximately 25% of the adult population worldwide, and its prevalence is predicted to increase by 60% by 2025 when a total of 1.56 billion people may be affected. 1 In South Korea, the estimated age-adjusted prevalence of hypertension and prehypertension is 22.9%. 2 Hypertension is a risk factor for cardiovascular disease and is responsible for many deaths worldwide. 3 In public health, the goal of antihypertensive therapy is to reduce cardiovascular and renal morbidity and mortality. 4 In the absence of a specific indication, there are five main classes of antihypertensive drugs that are used for initial monotherapy: thiazide diuretics, beta-blockers, calcium channel blockers, angiotensin-converting enzyme (ACE) inhibitors, and angiotensin II receptor blockers (ARBs). through blockade of the angiotensin II type I receptor. It was developed to treat patients with essential hypertension and was approved by the Korea Ministry of Food and Drug Safety in September 2010. Regarding the renoprotective properties of ARBs, 6 fimasartan may be a good treatment option for hypertensive patients with chronic kidney disease.
Recent guidelines from the US Food and Drug Administration (FDA) suggest that a pharmacokinetic (PK) study should be conducted in patients with impaired renal function when the drug is likely to be used in such patients and when renal impairment (RI) is expected to mechanistically alter the PK of the drug and/or its active metabolites. 7 Fimasartan is mainly eliminated via biliary excretion, and its urinary elimination is less than 3%. 8 The FDA has proposed that drugs eliminated predominantly by nonrenal processes should be evaluated through a reduced PK study in patients with endstage renal disease who are not yet on dialysis. 7 Based on the guidance from the FDA, we conducted a reduced PK study of fimasartan in both end-stage renal disease patients not yet on dialysis and healthy volunteers (the control group with normal renal function). The aim of this study was to evaluate the effect of renal function on the PK of fimasartan in a noncompartmental and a nonlinear mixed-effects model.
Materials and methods study design
This study (ClinicalTrials.gov identifier: NCT01148368) was conducted in accordance with the International Conference on Harmonization guidelines for Good Clinical Practice and the ethical principles that have their origins in the Declaration of Helsinki. The study protocol was reviewed and approved by the Institutional Review Board of Seoul National University Hospital and the health authorities from the Ministry of Food and Drug Safety of South Korea. This single centre, single-dose, open-label, healthy volunteer controlled trial was conducted in severe RI patients not yet on dialysis and age-, weight-and sex-matched healthy volunteers. The healthy volunteers had normal renal function with an estimated glomerular filtration rate (eGFR) higher than 90 mL/min/1.73 m 2 , and the patients in the RI group had severe RI with an eGFR lower than 30 mL/min/1.73 m 2 , not yet on dialysis. For this study, the eGFR was calculated using the Modification of Diet in Renal Disease formulation. 9 Based on former PK studies on fimasartan, 120 mg tablet of fimasartan was used in this study. 8, [10] [11] [12] [13] study participants A total of 16 subjects (8 healthy subjects and 8 RI patients) provided their written informed consent to participate in this study. The subjects in both groups were all matched in age, sex, body weight, height and body mass index. The subjects in the healthy volunteer group had no diseases or disorders, while those in the RI group did not have any significant medical problems other than the RI or related conditions, such as hypertension. Their medical history, physical examination, electrocardiography (ECG), and clinical laboratory tests were assessed in the screening examinations that were performed within 3 weeks prior to the administration of the study drug. Neither the healthy volunteers nor the RI patients were allowed to administer concomitant medications during the study period. The RI patients were asked to stop their medications based on the respective half-life of each drug. However, for safety, the RI patients were allowed to take amlodipine until 1 day prior to the administration of the study drug, because there were no clinically relevant pharmacokinetic interactions between fimasartan and amlodipine. 13 Patients' medication was allowed to be restarted beginning 48 hours after the administration of the study drug.
Monitoring and blood sampling
The participants' vital signs, 12-lead ECGs, clinical laboratory tests, adverse events checks, and physical examinations were assessed during the study. Based on the PK properties of fimasartan described previously, 8 approximately 4 mL of blood was drawn from each participant for PK analysis; the samples were obtained in heparinised tubes from predose to 48 hours postdose. The PK samples were centrifuged immediately, and the plasma samples were stored in freezers at temperatures below -70°C.
Determination of fimasartan
Plasma fimasartan concentrations were determined using a validated liquid chromatography-tandem mass spectrometry method. The standards for fimasartan and the internal standard BR-A-563 were provided by Boryung Pharmaceutical Co., Ltd., (Seoul, Korea). BR-A-563 was separated using highperformance liquid chromatography (HPLC; Agilent 1,200 series, Agilent Technologies, Inc., Santa Clara, California) and detected by MS/MS (API 3,200 Quadruple; Applied Biosystems, Applied Biosystems/MDS-Sciex, Toronto, Canada) using a method described previously. 14 The lower limit of quantification for fimasartan was 0.5 ng/mL, and the standard calibration curves were linear over the range from 0.5 to 500 ng/mL (coefficient of determination, R 
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Pharmacokinetic evaluation
Noncompartmental pharmacokinetic analysis of fimasartan was performed using WinNonlin (Version 6.3.0; Pharsight Corporation, CA, USA). The actual times at which the blood samples were obtained were used in the PK analysis. The values of the maximum plasma concentration of fimasartan (C max ) and the time to reach C max (t max ) were directly obtained from the observed data. The area under the plasma concentration curve (AUC) from time 0 to infinity (AUC inf ) and the AUC from time 0 to the last detectable time point (AUC last ) were estimated using the linear-up/log-down rule. The apparent clearance (CL/F) was calculated by dividing the dosage amount by AUC inf . To determine the terminal elimination rate constant (k e ), fittings for terminal slopes started from three points including the last concentration and gradually adding the earlier time points in regression until the adjusted R 2 reached the maximum. The terminal elimination half-life (t 1/2 ) was calculated as ln (2)/k e .
statistical analysis
The statistical analysis was carried out using SPSS (Version 21.0; SPSS Inc., Chicago, IL, USA). Arithmetic means and standard deviations (SDs), medians, and the minimum and maximum values for continuous data and the absolute and relative frequencies for categorical data were calculated. After conduction of the Shapiro-Wilk test, the PK parameters (C max , AUC last , CL/F and k e ) were analysed using an independent t-test. The systemic exposures of fimasartan were presented as the ratios and 90% confidence intervals (CIs) of the geometric means between both groups.
Modelling and simulation
Nonlinear mixed-effects modelling (NONMEM ® , version 7.2; ICON, Hanover MD, USA) was used for the population PK analysis. The parameter estimates were obtained using first-order conditional estimation with interaction. The interindividual variability of each parameter was applied exponentially:
where P i is the ith individual parameter, such as clearance (CL), volume of central compartment (V c ), absorption rate constant (K a ), volume of peripheral compartment (V p ), intercompartmental clearance (Q) and relative bioavailability (F 1 ). Additionally, θ i is the typical value of the ith population parameter, and η i is a random variable assumed to follow a Gaussian distribution with a mean of 0 and variance of ω 2 . Based on first-order elimination, a oneor two-compartment distribution model was tested. The models were selected based on a decrease in the objective function value (OFV) by 3.84 (alpha =0.05, degrees of freedom =1) or 5.99 (alpha =0.05, degrees of freedom =2) in approximate χ 2 distribution. Several criteria measures of model stability and adequacy (condition number, successful convergence, significant digits, and matrix singularity) were considered.
Covariate model building was performed in a stepwise fashion with forward inclusion and backward deletion based upon model selection criteria, as defined previously. Continuous variables such as age, height, weight, eGFR, and laboratory test levels (eg, blood urea nitrogen, creatinine, albumin, aspartate transaminase, alanine transaminase, alkaline phosphatase, total cholesterol, total protein, albumin, and uric acid) and categorical variables such as sex and study group (GRP) were evaluated as covariates. The F 1 for a healthy subject was estimated by fixing F 1 to 1 for RI patients. The equation for F 1 was as follows:
where GRP is one for healthy volunteers and is 0 for RI patients.
To evaluate the stability and robustness of the final PK model, the bootstrap resampling method was performed; by resampling with replacement, 1,000 bootstrap data sets were generated. The final population PK model was fitted repeatedly to each of them. The 2.5th and 97.5th percentiles of the mean population PK parameters were regarded as the lower and upper 95% confidence interval (CI) limits, respectively. Visual predictive checks were performed by simulated concentrations of 1,000 virtual datasets (nsub =1,000 in the $SIMULATION block) from the final model. Curves for the 5th, 50th, and 95th percentiles of concentrations were overlaid on the observed concentrations stratified by GRP.
Results Demographics
All 16 subjects completed the study. Both groups had two men and six women in each. There was no significant difference between groups with regard to age, body weight, height, and body mass index, but not with regard to eGFR ( Table 1) . During the trial, RI patients discontinued their medication as described in the Materials and methods section. Comorbidities in RI patients are summarized in Table 2 . 
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Kim et al safety A single 120 mg oral dose of fimasartan was well tolerated in both groups. There were no serious adverse events and no withdrawals due to adverse events. Although there were no clinically significant changes in laboratory test levels, ECGs, or vital signs in either group, there were six treatment-related adverse events in the healthy group and four treatment-related adverse events in the RI patient group (Table 3) . However, all of the treatment-related adverse events were resolved without any treatment.
noncompartmental pharmacokinetic analysis
Fimasartan was rapidly absorbed after a single oral dose of 120 mg, with similar concentration-time profiles between the two groups ( Figure 1 ). The t max and t 1/2 were comparable in both groups. The mean values for C max and AUC last in the RI patients were higher than those of the healthy volunteers, with geometric mean ratios of 1.87 and 1.73, respectively (Table 4) . On the contrary, the RI patient group had lower mean values for CL/F than the group with normal renal function.
There was a correlation between eGFR and C max , AUC last and CL/F. No significant correlation was observed between eGFR and the terminal elimination rate constant (Table 4 and Figure 2 ).
Modelling and simulation
A two-compartment first-order elimination model best described the PK of fimasartan. After the basic model was established, the covariates of the relevant PK parameters were explored. The covariate that explained the difference in the systemic exposure of fimasartan was GRP on the F 1 of fimasartan (Figure 3) .
The population PK parameter estimates and bootstrap results are summarized in Table 5 . The F 1 for healthy subjects was 0.566 when the bioavailability of RI patients was fixed to be 1. The relative bioavailability of fimasartan was 77% higher in RI patients than in healthy volunteers.
The basic goodness-of-fit plots for the final PK model are displayed in Figure 4 and demonstrated that individual predicted fimasartan concentrations corresponded well to observations without systemic bias. The median parameter estimates and 95% confidence intervals from bootstrap replications (n=1,000) are summarized in Table 5 . The median parameter estimates from the bootstrap method were similar to the estimates of the final PK model. Visual predictive 
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Effect of renal function on the pharmacokinetics of fimasartan checks of the final population PK model are presented in Figure 5 and stratified by GRP. The model-predicted confidence intervals and medians corresponded well to the observed data.
Discussion
The RI patients were found to have higher systemic exposure to fimasartan, although the k e was comparable in both groups (P-value =0.553, Table 4 ). Thus, it was difficult to explain this result with RI and its related alterations in elimination considering that fimasartan undergoes nonrenal elimination and that the overall urinary excretion of unchanged drug is less than 3% of the administered dose. 8 The RI patient group had significantly lower CL/F than the group with normal renal function (Table 4) . Therefore, the meaningful difference in bioavailability between the healthy volunteers and RI patients may provide a physiologic explanation for the changes in the systemic exposure of fimasartan.
To find the significant covariates affecting F 1 , OFV was compared with GRP as a discrete variable and eGFR as a continuous variable. When GRP was selected as a covariate on F 1 , the decrease of OFV from the basic model was 11.1 and eGFR decreased from the OFV by 10.3. Since this study was a reduced design without any participants with mild to moderate RI, the incorporation of eGFR on F 1 as a continuous variable may not be suitable. In addition, there was no relationship between eGFR and F 1 within each group. Therefore, the difference of F 1 between two groups was more clearly explained by GRP, and the F 1 for the healthy volunteers was 0.566 when the bioavailability of RI patients was fixed to be 1. The bioavailability of fimasartan for RI patients was increased 1.77-fold compared with healthy volunteers.
It is a well-known fact that RI and its associated uremia can influence the changes in metabolism and transport of nonrenally cleared drugs. Decreased renal function can increase bioavailability of Pgp and MRP2 substrates by decreasing the functional expression of these efflux transporters in the gastrointestinal tract. 15 Similarly, decreased first-pass effect by the downregulation of phase I enzymes like CYP3A, leads to increased bioavailability. 15 Furthermore, several in vitro studies have shown that the accumulation of uremic toxins induces chronic inflammation, and the uremic toxins and inflammation induce an increase in the bioavailability of drugs in the intestine due to decreases in the function and protein expression of transporters such as MRP2 and Pgp. 16 Although fimasartan was identified as a substrate for CYP3A4, OAT1, OATP1B1, OATP2B1, and OATP1B3, 10, 11, 13 further study is required for a better mechanistic understanding of the alteration on PK of fimasartan in RI patients. 
Sica et al
17 determined the effect of renal function on the PK and pharmacodynamics of losartan and its metabolite, and it was suggested that an initial dosage adjustment for losartan in the presence of RI was not required. From the drug label of losartan, no dosage adjustment is necessary for patients with RI unless they are volume depleted. 18 Prasad et al 19 determined the effect of renal function on the PK and pharmacodynamics of valsartan, and they suggested that RI does not alter the PK of valsartan, and dose adjustments in patients with renal function of CL CR 10mL/min are not recommended. From the drug label of valsartan, no initial dosage adjustment is required for patients with mild or moderate RI (CL CR 10 mL/min) and care should be exercised with dosing of valsartan in patients with severe RI (CL CR 10 mL/min). 20 In this study, the systemic exposure to fimasartan was increased in patients with severe RI who were not yet on dialysis without prolongation of the terminal elimination 
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Effect of renal function on the pharmacokinetics of fimasartan half-life. The increase in systemic exposure was less than twofold compared with healthy volunteers (Table 4 ). These differences were explained by differences in bioavailability based on the nonlinear mixed-effects modelling results. Therefore, considering that the terminal elimination half-life was not prolonged, accumulation after multiple dosing would not occur. A previous PK study of fimasartan in healthy volunteers showed that fimasartan up to 480 mg as a single dose and up to 360 mg as multiple doses was well tolerated. 8 Additionally, a Phase II study in patients with essential hypertension has shown that fimasartan up to 240 mg as a once daily dose was well tolerated. 12 Based on previous studies and the results of this study, the systemic exposure from the administration of 120 mg of fimasartan to patients with severe RI is expected to be within a tolerable range. These findings may be applied to recommend the appropriate dose of fimasartan for RI patients. Considering that this degree of increased exposure to fimasartan in RI patients is not likely to pose safety issues, the initial dosage regimen may need not be altered. However, regarding efficacy and safety after multiple dosings, further studies are warranted to identify optimal dosage regimens.
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